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Abstract: Heteroatom-doping into graphitic networks has
been utilized for opening the band gap of graphene. However,
boron-doping into the graphitic framework is extremely
limited, whereas nitrogen-doping is relatively feasible.
Herein, boron/nitrogen co-doped graphene (BCN-graphene)
is directly synthesized from the reaction of CCl, BBr; and N,
in the presence of potassium. The resultant BCN-graphene has
boron and nitrogen contents of 2.38 and 2.66 atom %, respec-
tively, and displays good dispersion stability in N-methyl-2-
pyrrolidone, allowing for solution casting fabrication of a field-
effect transistor. The device displays an on/off ratio of 10.7 with
an optical band gap of 3.3 eV. Considering the scalability of the
production method and the benefits of solution processability,
BCN-graphene has high potential for many practical applica-
tions.

Since the early experimental studies on graphene in 2004,
it has been the focus of vigorous application research owing to
its outstanding properties, including high specific surface
area,! good thermal and electrical conductivity,®* and
superior optical properties,’! among others.*”l However, in
order to take advantage of the outstanding properties of
graphene in practice, the development of feasible synthetic
methods and chemical modifications to provide multifunc-
tionality and processability for specific applications becomes
an important challenge. For example, chemical and/or phys-
ical doping, such as covalently doping heteroatoms into the
graphitic structure®! and the physisorption of gases”!
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metals,'*!! or organic molecules!' on the surface of gra-
phene, are useful for enhancing the electrocatalytic activity of
solar™ and fuel cells,™ as well as controlling the band-gap
state.') However, the covalent introduction of heteroatoms
into the graphitic framework is not enough to tune the
properties of graphene.['¥)

Graphene is a semimetal with no band gap.!'”! As a result,
it is not suitable for logic applications, because devices cannot
be switched off. Therefore, graphene must be modified if it is
to be used in electronic devices. Various methods of making
graphene-based field-effect transistors (FETs) have been
researched, including doping graphene,"® tailoring a graphene
like nanoribbon,"™ and by using boron nitride as a support.*”
Among the methods of controlling the band gap of graphene,
doping methods show the most industrial feasibility. By co-
doping boron and nitrogen into carbon nanotubes and
graphene using a chemical vapor deposition (CVD)
process, semiconducting behavior was achieved.>®! It is
believed that doping graphene through a solvothermal
method would produce similar semiconducting behavior.

Herein, we report an efficient method for the mass
production of boron/nitrogen co-doped graphene (BCN-
graphene) nanoplatelets by the solvothermal reaction of
carbon tetrachloride (CCl;) and potassium (K) in the
presence of boron tribromide (BBr;) and nitrogen (N,).
Notably, whereas this method is extremely limited for B-
doping into the graphitic framework using BBr; by itself,*" it
is feasible for boron/nitrogen co-doping in the presence of
BBr; together with nitrogen. The resultant BCN-graphene
nanoplatelets displayed an on/off current ratio of ca. 10.7 in
a FET device.

In order to optimize the reaction conditions and provide
a baseline for later comparison, carbon-based graphene (C-
graphene) was prepared by the solvothermal Wurtz reac-
tion.?*2* In brief, the reaction between alkyl halides (e.g.
CCl,) and alkaline metals (e.g. potassium) generates carbon
radicals and precipitated alkaline metal halides (e.g. potas-
sium chloride; Figure 1a). The carbon radicals then form
carbon—carbon (C—C) bonds on the surface of the alkaline
metal particles. The fast radical reaction is spontaneously
driven by high thermodynamic energy gain (formation energy
plus crystal lattice energy) from K—K and 2 C—CI bonds to
2KCl and a C—C bond (Figure 1a, inset). The product (C-
graphene) has a dark black color, indicating the formation of
a graphitic structure, along with white KCl crystals deposited
on the reactor wall (Figure 1a, photograph). The optimized
reaction conditions for C-graphene were used for the syn-
thesis of boron-doped graphene (BC-graphene) by adding
BBr; under an argon atmosphere or for boron/nitrogen-
doped graphene (BCN-graphene) by adding BBr; under
a nitrogen atmosphere. The key difference in the reaction
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flight secondary-ion mass spec-
trometry (TOF-SIMS; Figure 2b),
the results indicate that the intro-
duction of boron or nitrogen into
the graphitic structure is extremely
difficult in the presence of only

BBr; or nitrogen. However, BCN-
graphene, which was prepared in
the presence of both BBr; and

Cl Cl
|
@ Carbon 2CCly + 2K ———» CI-C .C-Cl + 2KClI
| 1
@ Chlorine Cl Cl

Figure 1. a) The formation of C-graphene by solvothermal reaction between carbon tetrachloride
(CCl,) and potassium. Photograph is of the autoclave after the reaction, showing the formation of C-
graphene (black) and potassium chloride (KCl; white). b) SEM image of BCN-graphene. Scale bar is
1 um. c) Bright field (BF) TEM image of BCN-graphene; scale bar is 100 nm. d) Atomic-resolution
TEM image of BCN-graphene; inset shows a fast-Fourier transform (FFT) pattern.

conditions for the synthesis of BC-graphene and BCN-
graphene is the absence or presence of nitrogen.

The morphologies of C-, BC-, and BCN-graphene appear
similar to each other in both scanning electron microscope
(SEM) and transmission electron microscope (TEM) images
(Supporting Information, Figures S2, S3, and S4), and those of
BCN-graphene at low magnification show a crumpled and
wrinkled sheet structure (Figure 1b,c; see also Figure S4). At
higher magnification (Figure 1d; see also Figure S4b), BCN-
graphene displayed a strong fast-Fourier transformed (FFT)
pattern, which suggests
a highly crystalline structure

nitrogen, exhibits Bls (2.38
atom%) and N 1s (2.66 atom %)
peaks centered at 190 and 398 eV
in the XPS spectra, as well as
strong B and N peaks in the TOF-
SIMS spectra (Figure 2a,b). By
using the high-resolution B 1s
peak, the ratio of B—C/B—N was
determined to be approximately
2:1 (Figure 2a, inset), which
matches with the structural unit
proposed in Figure S1d. Further-
more, electron energy-loss spec-
troscopy (EELS) roughly provided
bonding-state information, as het-
eroatoms (B and N K-edges) and
carbon (C K-edge) are connected with an sp? hybridized
structure (Figure 2¢). EELS shows that each atomic bonding
consists of 1s-t* and 1s-0* bonding, as observed in the XPS
spectrum (Figure 2 a, inset). Specifically, the EELS spectrum
of BCN-graphene exhibits clear boron, carbon, and nitrogen
peaks at 190, 284, and 399 eV, whereas BC-graphene shows
a marginally detectable B K-edge (pink circle, Figure 2¢). All
elements have both * and o* bonding, and are therefore sp?
hybridized.m The distribution of boron, carbon, and nitrogen
in the BCN-graphene sheet was mapped using EELS
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Although incorporation of
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Figure 2. a) XPS survey spectra of samples; inset shows a high-resolution B 1s spectrum of BCN-graphene,
marked by a blue square in (a). b) TOF-SIMS spectra; the nitrogen and oxygen peaks were observed in all
samples due to chemically/physically attached nitrogen and oxygen. The spectrum from pristine graphite is
provided as reference. c) K-shell excitation of boron, carbon, and nitrogen from EELS spectra of samples.

d) Dark-field TEM image, dotted region is elemental-map region with 20 nm scale bars; e—g) elemental maps
of BCN-graphene: €) carbon; f) boron; g) nitrogen.
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elemental mapping (Figure 2d-g). It shows that the boron
and nitrogen are co-doped in the BCN-graphene sheet. Acid-
base interaction between B and N-containing substrates
should be a plausible mechanism for B/N co-doping into the
graphitic structure.”®! The proposed mechanism is that BBr;,
interacts with the nitrogen gas first and is then activated by
the potassium to generate boron radicals, which subsequently
react with carbon radicals to self-assemble into a graphitic
structure (Figure S1d). To support the experimental obser-
vation of efficient B/N co-doping in BCN-graphene, density
functional theory (DFT) calculations were conducted and
revealed that the formation energy and crystal lattice energy
of the BCN-unit is the lowest among the possible unit
reactions (Figure S5). Hence, for the co-doping of boron and
nitrogen into a graphitic framework, it is believed that there
must be a synergistic contribution to the reaction. Similar to
the stable borane—ammonia complex (H;B—NH,),%) a possi-
ble scenario would be the acid-base interaction between BBr;
(Lewis acid) and nitrogen (Lewis base) to yield a Br;B-N=N-
BBr; intermediate complex (Figure S1), because BBr; has the
highest Lewis acidity among boron trihalides (BX;, X =F, Cl,
Br). The formation of this complex insitu could promote
effective B—N bond formation in the reaction system, which
efficiently forms BCN-graphene.

To further investigate the structure of the BCN-graphene,
Raman spectra were obtained from all powder samples
(Figure S6a).”" The normalized spectra of all samples display
D and G bands at 1343 and 1580 cm ™, respectively, which are
associated with the degree of disorder and graphitic symme-
try. In all cases, 2D peaks, which are related to the number of
graphene sheets, are located at 2680 cm ™. In the cases of C-,
BC-, and BCN-graphene, the I/l ratios are 0.95, 0.92, and
0.70 in that order, indicating that the defect ratios are
generally higher than graphene produced from CVD pro-
cess.P! The Lp/I; ratio is 1.35, which implies that C-graphene
consists of few layers, even in a powder form. On the other
hand, BC- and BCN-graphene have I,,/I; ratios of 0.67 and
0.62, indicating that they are composed of multilayers.

Thermogravimetric analysis (TGA) suggests that all
samples are thermo-oxidatively stable up to 500°C in air,
which indicates that the graphitic networks have well-ordered
structures (Figure S6b). X-ray diffraction (XRD) patterns
show that the peaks (interlayer d spacing) are located at
26.01° (3.42 A) for C-graphene, 25.88° (3.44 A) for BC-
graphene and, 25.94° (3.43 A) for BCN-graphene, respec-
tively (Figure S6c and S6d), all of which are lower (larger
d spacing) than the 26.54° (3.34 A) for pristine graphite.’”)
Furthermore, the relative peak intensities of (002) of C-, BC-,
and BCN-graphene were 0.72, 0.30, and 0.48% of that of
pristine graphite, thus indicating that solvothermally synthe-
sized graphene stays in crumpled and wrinkled forms (Fig-
ure 1b,c, S2-S4). As a result, efficient stacking is limited,
unlike pristine graphite, which forms large number of stacked
layers.

The specific surface area, as determined by nitrogen
adsorption-desorption isotherms, also increases in the order
of C-graphene (109.2 m*g™"), BC-graphene (171.9 m?g™),
and BCN-graphene (201.5 m?g™"; Figure S7 and Table S2).
The values are well-correlated with the degree of crumples/
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wrinkles in the samples, which depends upon the doping
states. It is supposed that doped heteroatoms in the graphitic
carbon framework create not only a crumpled/wrinkled
morphology, but also provide active sites for efficient gas
absorption by charge polarization. More interestingly, the
dispersion stability of BCN-graphene in N-methyl-2-pyrroli-
done (NMP; Figure S8 and Table S3), which is the most
crumpled/wrinkled and with highest surface area, is the best
among the samples. BCN-graphene remains stable for two
months, allowing easy fabrication of thin films, and thus has
a broad application potential.

As an example, FET devices were fabricated with BCN-
graphene as the active layer (Figure 3a, inset), which was
dispersed in NMP and cast as a thin film on a SiO, (300 nm)/Si
substrate with a thickness of approximately 4 nm (Figure 3b).
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Figure 3. a) The transfer curve of BCN-graphene FET at a drain voltage
of 0.1V; inset shows an illustration of BCN-graphene FET. b) Tapping-
mode AFM image of BCN-graphene film on a SiO,/Si wafer; the
embedded graph is the thickness profile, the scale bar is 200 nm.

c,d) Output curves of BCN-graphene FET at different gate voltages:

c) p-type output curves, d) n-type output curves.

The channel width-to-length ratio (W/L) of the FETs is 10,
with L =500 nm. A typical transfer curve of BCN-graphene is
displayed in Figure 3 a. The hole and electron mobilities were
calculated from the linear regime of the transfer character-
istics according to the equation:

w
Ip :ﬂfCiVD(VG — V)

where [, is the drain current, u is the field-effect mobility, C;is
the specific capacitance of the dielectric, V}, is the drain
voltage, V; is the gate voltage, V,, is the threshold voltage.
Hole and electron mobilities from the transfer curve (V=
0.1 V) in Figure 3a were 2.0 and 2.1 cm*V~'s™!, respectively,
and the average electrical properties are summarized in
Table S4. The output curves show ambipolar characteristics
(Figure 3¢,d). The low hole and electron mobilities resulted
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from the scattering at the junction by the stacking of
individual BCN-graphene flake sheets. It was expected that
by co-doping boron and nitrogen into the basal plane of
graphene, the band-gap would increase, but the Dirac point
would stay near 0 V because of charge neutralization between
boron and nitrogen. However, in the case of BCN-graphene,
the Dirac point was located at —10 V, and thus an n-type
behavior, owing to the slightly higher amount of nitrogen
(2.66 atom %) as well as a much stronger electronegativity
(x=3.04) than those of boron (2.38 atom% and y=2.04,
respectively; Table S1). The on/off current ratio was 10.7,
which shows that BCN-graphene behaves as a semiconductor.
In addition, the optical band gap is about 3.3 eV (Figure S9),
further confirming the semiconducting behavior. Although
graphene-oxide and doped-graphene-oxide films are easy to
fabricate, it is difficult to use as an n-type semiconductor with
an open band gap.*3* BCN-graphene overcomes this
difficulty while maintaining easy processability, which could
offer many more practical applications.

In summary, a new method for the synthesis of boron/
nitrogen co-doped graphene (BCN-graphene) was created.
Boron tribromide as a boron feedstock and nitrogen gas as
a nitrogen feedstock have a synergistic effect for boron and
nitrogen co-doping into the graphitic network when they are
applied together with CCl,. On the other hand, the reaction of
CCl, with either boron tribromide or nitrogen gas alone leads
to a marginal or zero doping level. The dispersion stability of
BCN-graphene was also improved by co-doping, leading to
enhanced processability. Thus, BCN-graphene allowed the
fabrication of a FET device by solution casting. The device
demonstrated a 10.7 on/off ratio and semiconducting nature
with optical band-gap of 3.3 eV. Combined with scalable
production and the high dispersion stability, the BCN-
graphene shows high potential for many practical applica-
tions.
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